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3allistic and ;.:etallurgical Properties of 
li• W 1035 Rolled Eo~ogeneous Ar~o~ Plate 

• 

• 

To deterwine the b:ulistic an~ metallurbical properties of four heats t 
of~ 1035 rolled ar.:ior. 

co,cLUSIOtS 

l. Althoti&h the Sil 1035 rolle~ steels investigated passed the 
r, . lt!Ulce-to-penetration require~ents as of Specification A."CS-488, t!ley ;-
fa!.lod. to poHeaa satis!actory d:J.Ctilit~.• under the impact of 75 mm. T21 
proof projectilea. 

2. The unsatisfactor/ shock resistance of SA31035 rolled steels of 
t:iia thicknesa is correlated ~-,i t!l the poor metallurgical propertiea. name~, 
inadequate !lard.enabilitr, unsatis:!actoey microstructure and a low T-notc!I. L 
Ohaz-py iopact reaiatance. · 

· . . 
J. !rlu1 SAE 1035 rolled steel !la.1 a characteristic cryatalline fracture ·.· 

w~ch 1a a11ociated with poor shock re1i1tance. ~ ::::' 
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In ac:c-:-.:":.a.·.ce 1-•i ':!: t. 01•c-;,.·:1.--: on t'.~e co:1servatior. of :illo:-· s ir. rolled 
..r::1or plate i::i ~i a.te:. i:i .Fe~r·.18.!':,- l:~'2 ·J~ t'.·.o '. .·ar Procl.:i.:~ion 3oru-d, ar. 
in\'esti.;aticr.. ··•as co:1cl:il!ted. at ·~nterto••in lrsenal to ::.eter:i:.r.e t:1e ballistic 
ar.d :::~tall~-:icn.l :proper~t~s cf 5-\Z 1035 ro:..li!li steel. 

Atter-.tion sho:.:.lC. ~c callel to t:1e :·~ .. c~ t::at ~i~ce ~:·.is !nvesti=;atio~ 
was '.l..'l~ertal:en, it ;:as ~ee:-. de: ':!r::ii:-,cc;. a': t:-ii s .iu-ser.al t::nt :;ood. q·.'Ali t~• 
ar~or plnte s~1o'JJ.c. poss~s1:1 aiequat e :-:.a.rdC'"la':>ili t? to q-.ienc:. out ".l."ldar t!:e 
~~nr.c::in.; cond.i tions E1.vo.ila"rJle. ~ardena'.;ili t:• st-.:ciles :.10.ds or. SU: 1035 
rollei steel ir.d.!.cate t::nt lt n foic:~ :plnta of this t:-pe anal~rsis hna lo•,·• 
r.arr.e:.n':>:.li t:,- n:-.d. t!:ereforo ca.::r.ot be q-..:.er.::::e:l to t ::e req·Jired 1:-.1 t ial 
l:ar~-iecs. 

~h.ree lCOO-lb. :1ents of ~ 1035 steel were .::ad.e at Watertown Arsenal 
a.nd cast into !.::..;ots of t::a iollo·••i::~~ sizes: 

:To. 539 - 10 x 12 x 30" with tot top 
:·o. 1031 - 6 x 12 x 30" ,-,it;i :iot top 
j.To. 10)2 6 x 12 x 30" with l:ot top 

'!'hese in~ots were sla~bed a..d. cross-rolle~ i~to plnte approximately 
25" x 26 11 x l½" at the plant of the :!eney !)1ssto:i. t.: Sc,ns, Inc. Plate i.fo. 539 
was quenc~~ed in br!.ne and r.ot ~e~ered at :raterto• .. ,n Msenal while plates 
i::o. 1031 anc!. 1032 were i1eat treated at ~or.%7 Z>isston t.: Sons, Inc. , plate l'o. 
1031 beinc spr~.r quencheci and not tempered., and plate i.;o. 1032 beinl!, brine 
quenched and r.ot te1:1pereci. 

In addition, two strai~ht-away rolled plates, 32 x 36 x l½" plates, 
vere obtained from the Youn;sto,"ll Sh.let ! Tube Co. for this investigation. 
T~eae plates were r.oat t=eated at the ~lant of Si~o~ds Saw and Steel Co.; 
plate :·o. 1416 was spr~ q_".lanc:.ied enc. tempered. whereas plate :'o. 1417 was 
brine quenc:.ied and. tel!l!)ernd. · 

~he details or. the casting o! ir.t;ots, rollint-; tl~e steel ar.d. ~eat 
treating the plates are 61ven in Inclos..:re A. 

Tl!S':' PROC~t.'P..Z 

1. Ballistic Tests 

3allistic tests were gad.a ac follows: 

!• Arm:, ballistic limits were obtnined on platea brine quenched. 
and spray q_•.1enchcd. with tl:e 37 m:::i. APO t,:51 !ired. at norcal. 

~- Rcpr\Jsentntivc1 !)latea •.1ere subjected. to tho shock teot usi'lg 
the 37 mm. ~ ?,:51 shot, 75 c:n. AP Tl2 prcj ectile with cs.p at 25° obliquity, 
foe 75 mm. T2l proc! projectile at nor:nal, and the ,~P test using the 
37 m.-n. a51 APC shot, norcal ie1pact. 

-2-
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2. :-tetallurgical ~ination 

.n.!ter comp let ion of tr.e bol!.istic tests, foe plates w9rc sectioned 
fer a metallur(icnl sta~· w~ic!: incluc'.ad tl:c f'ollcwir..; tests: chcr.iical 
ar.alys"'s, ::ir.crcsconic c:a'llinatio:1., r.iicrosco'Oic exa:nir.o.tion, Jodny i'..arde>i­
abili ty tests, 3riiiell ::2.r~ess tests a."l.d ~c!~well non !.arclness 1;urveys 
or. c~oss-sec~ions of t~e ulates. 

In adC:i ti'.:.1, f!'acttre tests were :nade on eac::i. :plate fo:- steel 
cf.ll:l.li ty. Secticns, 4,n :c 10 : , were :iicked pcrye:1dicu.la:l7 to t:..:i center 
of the lcngitudinal i>ici 3 a."l.ci ~rok:en slowl:t" in a for,:zc prass. 

Also, t:u-ec :.tP:-,w .rd. V-notc:: c:uirpy i;::n,nct bars o.nd two • 357" 
c.ianeter t.?noile bl'.rE :-,.Jr.! r.1aci..i:lcc. fro::i each plate. ::1ese test bnra were 
tnke."l. halfway bctwean t11e sur!ace &:1d t!:e center and. parallel to the plate 
surfaces. 

l. 3alliotic :~sts 

A sumoar~• -:,! ·,he ballistic tests is ,r,;iven in ~able I. 

Detail~i firin~ record.a are containe~ in AJ>'!)encii. A. 

The ballistic li=ii ts of tll9 ple.tes w~re betweon 1 and 98 feet-per­
oecond in excess of the specified ballistic li~its required in Specification 
Aa-488. 

A •Uffo:, of the result• nf the allocic teat• indicate that thia 
t~e of steel ms::, pau the 75 mm. AP ehock teat. On the other hand., thia 
oteel 1s brittle under the i:npact of tho 75 mc. ~21 alu,;. One croca-rolled. 
plate, ITo. 1032, and one "strnight-awe.y" rolled plate were subjected to 
the P~ test us in; the 37 mm. APO t•:Sl s!lot. The cross-rolled plate 
behaved satisfactorily whilo the "strRiP,ht-awa;:,n rolled plate spalled ex­
cessively- wider tr.is test. 1".ae cross-rolled plate, l!o. 1032, ws subjected 
to the shock ter.t o:i a clear area cf tha :plate with 75 mm. T2l proof 
projectiles afte: the ?'ZP test had been cado. Although the fracture 
occurred through previouo iii!p~cts, it is believed th4t this armor would not 
have ~et tho shoe~ requiro~ents undor Specificatio~ ...XS-488. 

Cross-rollcci. :,lat~. ro. 539, s:~.:iwod gooc!. C::..:ctili";;r under the 
iopact of 37 :nm. 'l'F 1·151 C:.tot. 

The ~allistic ,rO!)erties of t~e brine quenched plates were not 
superior to the water qacnchei pletas. 

The cher-ical compositio~~ of the test nlatcs are given in 
Table II. 

-3-
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~STRIC~ 

':'A3IJ: II 

Che:nical A.riB.J.~rses 

Plate l"o • C ..f!l Si s p Cr 2L r.u Al 

539 .35 .co .OlS .021 ,006 .as .075 

1031 .35 
.. ,, 

.o-. .233 .022 .cos .05 trace .085 .022 

1032 .39 .91 .315 .022 .001 .05 trace .09 .03 
141£ .30 .98 .23 .031 .017 

1417 .30 .9s .23 .031 .017 

i• l•iacroac2l!ic ~inat!or. 

Figure l illustrates the macrostru, t•.1.re of t!.e plate• after 
the deep acid etch. 

The croa&-rollec'..plates, roa. 539, 1031, and.1C32,are rel&tiTcl.7 
free from aegret;ation. ~:ie "straig.tt-awe,r" rolled plc.tee, lTos.1416 and. 
1417,contain an appreciable amount of elongated nonmetallic inclaaiona. 

~- Microscopic ?xacin~ 

~ical aegregation of nor.metallic inclu.siona found. i:i the 
platea an, alao repreaentatiTe microatructarea of t~e brine and. spray 
quenc;.ied. plates are 1ho11n in ligu.re 2. 

An occaeional aeriea of diaconnecte4 fine nor.meiallic inclu­
liona were found in t~e cantral lqera of 9ach plate. Theee incl~aiona . 
appeared. to 1>e amall oxide• and. alumina. In all caaea, aa might be 
expected, pronounced grain boundarr ferrite which wae reJected. during the 
quench surrounded Graiz:.s of fine pearli te. Tiu• type of structure is 
generall:r associated wi tll a low ~de:.abili ty of the steel and poor shock 
reaiatins properties as Tfll'i!ieci. in the plates teated. 

The grain size of the plates ia reported. below: 

Plate l!o. 53~ - dl.:plex grain size J.S~l 5-9 
Plate l'o. 1031 •. duplex grain size, A.S':1-t 6-9 
Plate No. 1032 - duplex erain sue AS'lM 6-9 
Plate lie. 1416 - du;;,lex grain sizo ASTM 6-s 
Plate !!o. 1417 - duplex grain size .sn,I 8-9 

,!. Jominz Hardena'bili ty !eat 

'l",ie results of the end-quench ~denability tests which are 
shown in Fii;ure 3 indicate that the rolled SAE 1035 steels investigate~ 
have inadequo.te hardenab!lity for good. quality armor plate. In fact, 
end-quench hardenability da.ta in:licated. that theee steels hardened only 
to a depth of less t!lan 2/16" at a hardness level of 42 Boclcwell non. 

-4-
.. .. - - - - --.. ~ - -~-----------



• 

!!• !reet11rc 1:est 3 

. The fractures of ~!'le ~ 1035 stcc>ls varied. fro.:'1 nearly 
10070 crystalline to !:lixed ire.cturcs, t:.at is, crystalli~e end fibrous. 
""uch fract..:.res are associa.te<i wit:1 a oicrostructure conta1:c1nc ferrite 
reJecteC:. on t!:e q:ienc~ a.-,.c:. •.•ith poor s:'lOck resistar.ce. Gooc.. quality arn:or, 
on t:1e ot!1el· ~d., ~:as been si.1own to pcssess a ii:,rous :frnct'..l.:'e whic!l io 
r.ssociate.::. with a :iicrostructure co~sisti:-.:; of s:, ::1eroiclized sorb1 te or 
temperoC:. l.'.artensi te ar.~. wi tr. rcs1.ll. ta.'lt good. s:1oc~ resistance. 

Soir:e c,.ifficult:, was experie:iced. i::. t;.e intorpretation of the 
fractures for a steel quality rating due to the presence of large crystalline 
21 eaa prese."lt. C .. ·:·st:>.llinel fractures tend t~ cask laoir.ations ~resent in 
th<3 steel. 

!. . l-: ech..'\!i. i cal ': c st o 

(1) Jri:lell :~d.-ivss DetG.·r.ii~ .. tions and Roci-:well 10• 
F'.ardneu Sl.ll"\"eZ! 

~he results of t~e 3rir.ell ~lal'dneas d.eterciinationa and 
Rockwell "C" ~dneaa surveys are ~inn in '!'a':>le I!I. 

T.A:3LE III 

!rinell Eardnoas anc.:. .!tockwltll 11011 !uu'~e:is Surveya 

Jrinell !rardneam 
teat a l:nde on J.vera,se llockwell C 

Cross-Section at Eardneaa Made 
,!!atertow ..raenal 1/161 aput on Croes-Section 

Near l!eer at ~-ratortovn Arsenal 
Plate ?'o. Center Surface rear Center Near Surface 

539 !rine ~e:icheci. 
not Tempered 183 l!J-1!7 6.5 9.5 9 12 

1031 !pray Qp.anched 
not 'tempered. 170 167-1!7 6 g 6.5 13.5 

1032 3rine ~enched 
not 'tempered 197 201-207 ll 13.5 14.5 16.5 

l4l6 Spra:• ~enched 
and Tempered 212 192-212 15 17 10 18 

1417 Drine ~enche~ 
and. 'tempered 217 235-2~ 17 19 27 1'5 

~he lciw :Brinell hardnoas d.eter::iir.ationa are t;,pical of 
r.ormalized. medium car~on ste~l an~ confirm the results of the microsco~ic 
examination in ti:at plai~ ~edium carbon steol o! this thicl:r.esa can."lot· be 
quenched to a !)rotor unifor::i initial :.ardneoo ,rhich is necessary in the 
heat treatment o-! ~ood gualit;• c.r::ior plate. 
l. "Investigation of ~eat Treating Varia~lca Affecting the Qlality o! 

liick irnctures" - Great Lclcea Sted Corp., C. a. Schroder, 22 Mar. 1942. 
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3. Tensile :'csts and. 1:"-m,tc~ C~arpY !::::oact T~sts 

~e results of the tensile tests and V'-:1otc:t: Charpy ic:pnct tests 
are given in Table I\. 

~e steels have a fairly good cocbinntior. ,f strength and 
c!.actilit:,. '!':-:.e ductilit:• of the strnight-.. wa:r rolled plates in ti:e tra.'ls­
verse ~irection ia slightly lover t~1an that of t~e cross-rolled plates in 
the same direction. 

The V-notch Cliarpy values of this watarial aro relatively lov aacl 
are typical ot poor q'.lll.lity armor, that is, contnining rejected ferrite 
on the quench and poor chock properties. 

Recentl:, it haa been c.etorminec. truit good quality rolled anr.or vi th 
a Wl.1fort1 microatructure of spheroid.he~ sorbite had a V-notc::. Charpy 
value of approximately 100 foot-po\:.!ldB in tho longiti..dinal direction at a 
hardneu of 270 :Srinoll. 

~e ballistic limits of the SAE 1035 rolled cteola, in several in­
stonces, co!llpared favorabl;y with those of aome of ihe lov alloy armor now in 
procl~ction. These reuults wero confirmed in the testi.~~ of several 
W 1035 ca.st plates of approxicatolf tho aomo t~-:i.cklieaa. 

A PTP test made on a croa.,.rollo, plato and •straig~t-a~• rolled 
plate with the 37 mm. APC M51 shot indicated t!1at the "straight-a~" rolled 
plate 1howed greater apalling tenclonciea than the croH-rollacl plate. 

'2111 type of materiel vaa Ter'T brittle uncler tlle impact of 75 mm. !21 
proof proJectilea. 

fho ~ 1035 rolled ateol i:iv\jatigatecl bas boen fo-.mcl to have inadequate 
hardenability for good quality armor. A good correlation W6 obtained be­
tween unsatisfactory shock rcaiatancc o! this steel and its poor metallurgical 
properties. 

It w1 impoaaiblo by &!)ray- quenc~ or quenching in brine to obtain 
a proper uniform initial hardneH which is r.sceaanr7 in the heat treatment 
of good quality ar:ior plate. 

T'~e ballistic propcrtico of tho brine quen~hod platos vero not 
su.perior to the sprr.y quenched plates. 

2. Watertown ll.l'acnal Report :•o. · 710/457, Juno 30, 194 3. 
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Mel ting Proccd•.ire 

Three 1000-lb. heats of SAE 1035 steol wore melted in an acid lined 
1:i.duction furr.ace L'nd deoxidizod with it-2lbs. of aluminu:n per t~n. 'l'he 
r.eata were co.st into !n5ots of the follo,-,1r.s sizes: 

!fo. 539 - lO x 12 x 30 11 with !lot top 
!fo. 1031 - 6 x 12 x 30 11 with hot top 
!To. 1032 - 6 x 12 x 30" with hot top 

Slabbing of Ingots a:.d Rollins into Plates 

In.;ota N'oa. 539. 1031 and 1032 wero slabbed and rollod into li" thick 
plate at the plant of Henry Diaoton & Sona. Inc. a.a noted below: 

Ingot l!o. 

539 
1031 

1032 

She of Jinal An:lcaling Tecperaturt'I 
Pl&to Rolling Tcmpcrr.ture after Final Roll~~~ 

35X2lxli" 2200°1 1200°1 at temperature for 10 bra. 
36x27x1,6 11 2256°r 1200°r at temperature for 2 bra. 

36x27x1} 11 2240°F la::>0°F at temperature for 2 hra. 

Keat Treatment of Plates 

Pl1..to !fo. 539 was heat treated at Wntertow Aracr.ol. Plate lToa. 
lOJl and 1032 were heat treated at the plant of Heney Diaoton & Sona, Inc. 
while plate Uoa. 1416 and l~'.&.7 vere heat trented at tho plant of Simonds Saw 
and. Steel Co. 

Jlaportod 
~ench Quench :Brinell 

'."late N'o 1 Temoernture Uedia :lrav P'.ardnoll 

539 l6oocl' - 3 hrs. 8~ !rine Uone 187 

l0Jl 1575°F 1-fater Sprq l:ono ?.17 

1032 1575°!' •Brino llono 207 

1416 1600°1 - 2 ~D. Water Sprq 50C 0 !' - 2 bra. 228-235 

1417 l6oo0 r - 2 hrs. •Brino 500°J' - 2 bra. 241-262 

•Saturation . of brino not statod • 

- - • - - - - - - - - • 
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!allistic Dnta Sheet lTo. l 

Cross-Rolled ?late :ro. 539 - Size 21x35trxl-~" 

3rine ~er.ched. not 1'ecpered 

Re!. W.A. ]iring :aecords No. l and 2, ll, 13 July 1942. 
Re!. A.PG Firing Record ~!c. A406q, g Au{;. 1942. 

Plate Striking 
Rd. :~o. Powder CharGe Veloc1t;v- Results 
JI mm. .PC I:21 iirin1p: 

l ~- 7 oz. 1627 CP 1/4" X 1/4"• 
2 2.6 01. 1573 CP 1/81 X 3/16". 

3 2.50 oz. 155sa CP 1/81 X 1/2"• 
4 2.lao 01. 1524a pp KB 

5 5.SO oz. 2313 OP PTP l-l/4" X 1-3/8". Ml 
petalling. 

6 2.35 01. 1526 pp !ack:ecl b:; aupport • 

7 2.lao oz. lo •t pp L3 

8 2.50 oz. 157~ pp :Backed b1 11Upport. 

9 2.50 01. 1575b CP 1/ 2" X l/4". 

10 2.4o I);:!. 153~"' pp ?,:! 

JI mm. TP M2l !irings: 

11 6.5 01. 2502 Pi ~c!ling att-rted. :Baa~ intact. 

75 m. ~ 1'12 (with Cap) Firing - 25° O~liquitv 

• 

l 10.30 oz. 925 Pi Depth penetration l-J/4". '2:-1/4" 
horizontal crack on L:B. 

8:3a.\listic Limit - 1541 !/s 

~alJ.htic Limit - 1554 f/a 

• • • • • • • • • • • • 
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!allistic !le.ta Sheet !To. 2 

Cross-Rolled Plato Io. 1031 - Sizo 36x2'7xl½ 1 

Spray ~enched., not Tempered 

llof. APO Firing Record. l!o. A~, 27 Jan.. 19~3 

Plate Strilcing 
lld.. :ro. Powder Charge ~ijz R11ults 

75 mm. T2l rroof Projectile Firing: 

l 18.)5 01. 1272 CP Plate broke into two piocee. 

PU!! tnt~ISFACTCRY 

• • • • • • • • . ---. . - . ---. . -
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Plate 

3all1stic Dnta Sheet llo. 3 

Cro 3s-3olleC: Plate :!o. 1032 - Size 36x27lJ1 11 

3rine ~J.o."lc:.ed not TO!Dpered 

Ref. A?G Firi:ig accnrd lfo. A57l.io, 27 Jan. 1943 
Rei' • .APil Report :ro. AD-523, 23 u~ 1943. 

M. ~:o. Powder Char~e 
Striking 
Velocity Rnsults 

37 mm. itPC V.51 Firing3: 

l 2.90 oz. 

2 2.65 oz. 

3 2.ss oz. 

4 2. 71 01. 

5 6.95 oz. 

1730 

157g 

1645 

159.36 

2501& 

CP nose through 15/16 11 • Open SC on 
L:B. 

PP depth o! pe,";.etration l-15/16•. SC 
on UB. 
CP noae in plate. SC on LA. 

PI' Depth of penetration l-15/16 11 • 

SC on LB. 

CP !S 2-1';, x 2-1/8 11 • P1'P. One 
petal. 

75 mm. T2l Proof 7rojectilo Firing ~ormal. 

l 1253b Plate broke into tvo piocea. Frac­
ture occurring through previou• 
37 mm. J.!51 .4PC impacta. 

8Jni1iatic Li~it 1619 !/a 

J'racturo of plo.to wo.a crystalline. While the fracture occurred through 
previous impacts it 1 o believ13d that thi a armor would. not have mot the 
shock roquiremen ta under Spocif'ication .US-~S. 

PLATE ~IS?AC'XOll! p:,p TEST' FAILED or SF.OCX • 

• • • • • • • • • • • • • 



, • 

WJ.ISTIC ~ ~ lr0. 4 

"Stmi.6!it-awa_v-• Rolled Plate l1o. 1416 - She 36x32xJ.½ 1 

~rq (llenched. and. ! empered. 

llef. .APG 1iring Record. No. A57lK>. 27 Jan. 1943 

Pate Striking 
Rel. No. Povd.er Char«e Velocity le1ult1 

37 mm. APC M5l Firings: 

l 2. 75 01. 1646 Cit dqlight through large opening. 
Open SC on Li. 

2 2.65 01. 1582 pp depth of penetration 1-7/S•. 
SC OD. Iii. 

:, 2. 70 01. 1614• CP dqlicht throu.th 1111&11 crack -
~ffarao en.ck OD MB. 

4 6.9!) 
a 

1. 2524 CP diameter of pmetratiou incl'.lcling 
JS 3-5/81 x }-5/81 • PTP. 

83allhtic Limit - 1598 t/ • 
PL.\ll iAIIJlD PTP !i!ES'J! 

• • • • • • • • • • • - - - --- . ·--- . -- - ··-- • 
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liLLISTIC D'..t.~A ~ N'O. 5 

"Stro.i~t-away" !olled. Plate l1o. 1417 - She 36x32x1i1 

Jrine ~cbed. e:id ~emperod 

:a-:r. .laPG J'iring Record l~o. J.5740, 27 .;·an. 194 3 

Ple.to Striking 
Rd. No. Powder Charge Volocity Remarks 
75 mm. !21 Proof Projectile Firing - r.ormal 

l l8.J5 oz. 1226 CP plate br,,ke into five piecOB. 

• • • • • • • • • • • 
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